Epstein-Barr virus (EBV) is the major cause of infectious mononucleosis and is associated with several malignancies including nasopharyngeal carcinoma, gastric carcinoma, Hodgkin lymphoma, Burkitt lymphoma, and lymphoma after organ or stem cell transplant. A candidate vaccine containing soluble EBV glycoprotein gp350 protected cottontop tamarins from EBV lymphoma after challenge with EBV. In the only phase 2 trial of an EBV vaccine in humans, soluble gp350 in alum and monophosphoryl lipid A adjuvant reduced the rate of infectious mononucleosis in EBV seronegative adults, but did not affect the rate of EBV infection. A peptide vaccine corresponding to EBV latency proteins has been tested in a small number of adults to prevent infectious mononucleosis. Some of the barriers to development of an EBV vaccine include (a) whether additional viral proteins in addition to gp350 would be more effective for preventing mononucleosis or EBV malignancies, (b) the difficulty of performing clinical trials to prevent EBV associated malignancies in the absence of good surrogate markers for tumor development, and the long period of time between primary EBV infection and development of many EBV tumors, (c) the lack of knowledge of immune correlates for protection against EBV infection and disease, (d) the limitations in animal models to study protection against EBV infection and disease, and (e) the need for additional information on the economic and societal burden of infectious mononucleosis to assess the cost-benefit of a prophylactic vaccine.
BACKGROUND
Epstein-Barr virus (EBV) causes over 90% of cases of infectious mononucleosis (IM) in developed countries [1] with cytomegalovirus as the second most common cause. EBV is usually spread from oral secretions and the virus infects resting B cells in the oropharynx or epithelial cells which in turn infect B cells. Infection early in life is usually asymptomatic or results in nonspecific symptoms, while infection of adolescents or young adults can result in IM. IM is usually a self-limited disease that presents with fever, pharyngitis, and lymphadenopathy. Most studies state that between 25% to 50% of adolescents and young adults in developed countries present with IM if infected with EBV. However, a recent study followed EBV seronegative college students prospectively for symptoms of IM and reported that >75% of confirmed primary EBV infections were associated with IM [2] . There are approximately 125,000 new cases of IM each year in the United States. Although most cases of IM resolve within one month, nearly 10% of patients have fatigue that persists for 6 or more months. About 1% of EBV infections result in severe complications including encephalitis, hepatitis, severe hemolytic anemia or thrombocytopenia.
EBV is also associated with several malignancies. Each year worldwide it is estimated that there are about 84,000 cases of EBV-associated gastric carcinomas, 78,000 cases of EBVassociated nasopharyngeal carcinoma, and 28,000 cases of EBV-associated Hodgkin lymphoma [3, 4] . The risk of EBV-positive Hodgkin disease peaks at 4 years after IM, and the risk decreases to normal after 10 years [5] . The rate of nasopharyngeal carcinoma is estimated to be 50 per 100,000 in men > 50 years of age in Southern China [6] . Nasopharyngeal carcinoma is also more common in Northern Africa, and in Inuit populations in the Arctic. In less developed countries, there are over 6,000 cases of EBVassociated Burkitt lymphoma each year. EBV-associated Burkitt lymphoma is most common in equatorial Africa and New Guinea. In equatorial Africa the rate of Burkitt lymphoma is 20 cases per 100,000 in children between the ages of 5 and 9 [7] . EBV is also associated with other malignancies including nasal NK/T cell lymphomas and peripheral T cell lymphomas.
EBV is also associated with malignancies in immunocompromised patients. EBV lymphoma is second only to skin cancer as the most common malignancy after organ transplantation. While the rates of many AIDS-associated malignancies have been declining with the use of highly active anti-retroviral therapy, the rates of rates of EBV-positive Burkitt and Hodgkin lymphoma in this population have not declined.
EBV is highly species specific and only infects humans. Initial studies of EBV vaccines used cottontop tamarins, now an endangered species, which are highly susceptible to EBV lymphomas apparently due to a less diverse MHC gene repertoire that might limit the host immune response to virus-transformed cells. Vaccination with the major viral glycoprotein, gp350, protected animals from development of EBV B cell lymphomas after parenteral challenge [8] . Subsequent experiments used virus vectors expressing EBV gp350 which were also effective. This model has several caveats including the very high doses of EBV in the challenge inoculum required to cause tumors, a non-physiologic route of infection (intraperitoneal injection of virus), and the fact the EBV is not a natural pathogen in these animals. EBV vaccine studies have also been performed in common marmosets and EBV gp350 can protect against parenteral challenge of these animals [9] .
Rhesus macaques are naturally infected with rhesus lymphocryptovirus, which has homologs for each of the genes in EBV [10] . Infection of macaques with rhesus lymphocryptovirus reproduces most, if not all, the features of EBV seen in humans [11] . Animals become latently infected, shed the virus for long periods of time, and if immunosuppressed can develop EBV associated malignancies. A recent study compared three different vaccines in these animals-(a) soluble gp350, (b) virus-like replicon particles expressing gp350, and (c) a combination of virus-like replicon particles expressing gp350 and the EBV latency proteins EBNA-3A and EBNA-3B [12] . Vaccination with soluble gp350 protected the animals from infection after oral challenge, and resulted in the lowest level of viral DNA in the blood of animals two years after they had become infected with the challenge virus.
Very few EBV vaccine trials have been performed in humans to prevent infection or IM. Vaccinia virus expressing EBV gp350 was given to nine seronegative children in China and at 16 months one-third of vaccinees had become infected with the virus compared with 100% of unvaccinated controls [13] . In the only phase 2 trial of an EBV vaccine, of 181 seronegative adults who were randomized to receive soluble EBV gp350 in alum and monophosphoryl lipid A or placebo, those receiving the vaccine had a 78% reduction in the rate of IM, but no difference in the rate of infection [14] . A study of an HLA B0801restricted CD8 T cell peptide epitope vaccine corresponding to an EBV latency protein (EBNA-3A) in four HLA B0801-positive, EBV seronegative vaccinees showed that all four became infected with EBV without developing IM, while one of two placebo recipients developed IM [15] .
A vaccine to prevent IM would likely be used in preadolescent children (ages 11-12) in developed countries around the same time as the current human papillomavirus vaccine is given [16] . In contrast, a vaccine to prevent EBV-associated malignancies in developing countries, such as to prevent Burkitt lymphoma would need to be given very early in childhood.
BARRIERS/PROBLEMS
While EBV gp350 appears to be a valid immunogen for a vaccine to prevent IM, it is unknown whether a vaccine with additional EBV antigens might be more effective in preventing IM or virus infection. EBV encodes a number of other glycoproteins that elicit neutralizing antibodies. EBV also encodes a very large number of proteins that are targets of CD4 and CD8 T cells [17] . It is not clear what additional viral proteins would be needed for a vaccine to prevent EBV-associated malignancies. The likely candidates are EBV proteins expressed in these malignancies (EBV latent membrane proteins 1 and 2 [LMP1, LMP2) and EBV nuclear antigens 1, 2, 3 (EBNA-1-3). At present the correlates of protection against EBV malignancy are unknown.
Clinical trials to prevent EBV-associated malignancies would be difficult as there are not good surrogate markers for development of these tumors. The best biomarkers for an EBV malignancy are for nasopharyngeal carcinoma where the development of IgA to EBV VCA or EBV DNAse in serum or saliva correlates with an increased risk of disease; the relative risk of developing nasopharyngeal carcinoma was 22 for subjects who were EBV IgA VCA antibody positive versus those who were EBV VCA IgA negative [18] . EBV IgA antibody levels are elevated up to a decade prior to the diagnosis of nasopharyngeal carcinoma [19] . Patients at risk for EBV lymphoproliferative disease and those with nasopharyngeal carcinoma often have elevated EBV DNA in the blood.
EBV-associated nasopharyngeal carcinoma and gastric carcinoma, the two most common virus-associated malignancies, peak by age >50 years and it would be impractical to observe patients for >30 years to assess the impact of vaccination. EBV-associated Burkitt lymphoma is a disease of young children; however, EBV infection in developing countries where the disease is endemic occurs at a very early age and often when there is still maternal antibody to EBV. Even in these areas, a very large number of children would need to be vaccinated to determine if the vaccine were to prevent lymphoma.
The potential for an EBV vaccine to prevent malignancy could be more readily evaluated in transplant recipients, particularly seronegative children. Immunization of seronegative transplant recipients, before transplantation could determine if vaccination reduces the incidence of transplant related lymphoma or the use of rituximab therapy (currently given when EBV DNA rises in the blood which can occur before the onset of EBV lymphoma). One concern with this idea is that, these patients often have organ disease and may be less responsive to vaccinations. A small clinical trial of EBV gp350 in children with chronic renal disease found that the immune response to the vaccine waned very rapidly [20] ; however, the dose of vaccine and the adjuvant were likely not optimal.
Animal models to test EBV vaccines for their ability to protect against infection and disease are very limited, since EBV does not naturally infect other animals. While high doses of EBV can cause tumors in cottontop tamarins, this is not a practical model as these animals are an endangered species. Reconstitution of severely immunocompromised mice with a human immune system might be used as a model, but the new human immune system might not have all the features of a normal immune response; for example, EBV interacts with several cellular proteins to evade the immune response and it is unclear whether these proteins would have the same properties in a humanized mouse.
While the EBV gp350 vaccine was first shown to protect animals from EBV lymphomas in 1985, there has been relatively little interest in developing this vaccine for protection of humans now >25 years later. Only one phase 2 trial EBV vaccine trial has been performed. Importantly, the EBV gp350 vaccine reduced the rate of development of IM, but did not block virus infection. There is a real need to obtain further information on the economic and societal burden of IM, to determine whether such a vaccine would be viable for development by a company. Since only a single EBV vaccine has ever been tested in a phase 2 trial, it is unknown if there would be enhanced protection against EBV disease with the inclusion of viral proteins in addition to gp350 to a vaccine.
CONCRETE ACTIONS/RECOMMENDATIONS
A recent meeting at the National Institutes of Health proposed a number of recommendations for future research and EBV vaccine studies [21] . Some of these are outlined below.
• There is a need to determine the burden of IM in developed countries.
Epidemiologic studies should be performed to better determine the cost-benefit of a prophylactic vaccine for IM.
• A phase 3 study of gp350, with or without additional viral proteins, should be performed to determine for certain if gp350 definitively reduces the rate of IM in larger population, and if the vaccine is safe. These studies should also follow vaccinated patients long term to evaluate the level of EBV DNA in the blood, a marker of control of EBV infection, and compare this level with that in placebo recipients. A recent study reported that higher levels of EBV DNA in the blood of persons with IM were associated with more severe disease [2] . Early phase clinical trials are needed for other EBV vaccine candidates.
• More information is needed on surrogate markers to predict development of EBV associated malignancies in addition to nasopharyngeal carcinoma. Surrogate markers were essential in early studies of hepatitis B and human papillomavirus vaccines, and identification of similar makers for EBV malignancies would make clinical trials more practical and likely increase interest by vaccine manufacturers.
• Additional animal models for EBV IM and malignancy would allow more effective preclinical vaccine development.
• Additional information is needed on immune correlates for an EBV vaccine. While a large number of viral proteins are targets of CD4 and CD8 T cells in healthy persons, it is not known which of these correlate with protection from EBV diseases.
• While prevention of infection is ideal, prevention of EBV disease would be a useful goal for an EBV vaccine. Although persons have multiple exposures to EBV and may be infected with multiple strains of virus, IM only occurs once if at all in each individual. A vaccine that protects against disease, but not infection might be useful, as evidenced by the only licensed herpesvirus vaccine in humans, the varicella vaccine, which does not prevent infection.
